Mouse spermatogenic cells are known to contain at least two isoforms of cytoplasmic poly(A)-binding proteins, PABPC1 and PABPC2 (previously known as PABPT). In this study, we have characterized PABPC1 and PABPC2. PABPC2 was present in pachytene spermatocytes and round spermatids, whereas elongating spermatids still included PABPC1. These two proteins are capable of binding mRNA poly(A) tails nonspecifically and of directly associating with each other and with several translational regulators, including EIF4G1, PAIP1, PAIP2, and PIWIL1 (previously known as MIWI). Moreover, both PABPC1 and PABPC2 exhibited the ability to enhance translation of a reporter mRNA in vitro. Despite these similarities, PABPC2 was distinguished from PABPC1 by the absence of PABPC2 in actively translating polyribosomes of testicular cells. PABPC1 was distributed in polyribosomes and in translationally inactive messenger ribonucleoprotein particles. Most importantly, PABPC2 and PIWIL1 were noticeably enriched in the chromatoid body of round spermatids. These results suggest that PABPC2 may function in translational repression during spermatogenesis.
INTRODUCTION
Eukaryotic mRNAs undergo substantial posttranscriptional modifications, including m7G capping and polyadenylation at the 5 0 -and 3 0 -ends, respectively [1] . Although the mRNA modifications conducted in the nucleus are necessary for processing and export of the mRNA [2, 3] , cytoplasmic regulation of the modified mRNAs is central to the mRNA metabolism, particularly translation and mRNA decay [4] [5] [6] . The m7G cap and poly(A) tail are associated with eukaryotic initiation factor 4E (EIF4E) and with poly(A)-binding protein (PABP) in the cytoplasm, respectively [7, 8] . A scaffold protein, EIF4G, is also capable of interacting directly with EIF4E and PABP [9] [10] [11] [12] . These three proteins facilitate the formation of circularized (closed loop) mRNA structure that stabilizes the mRNA and enhances ribosome recycling, thus increasing translational efficiency [13] [14] [15] [16] [17] [18] .
Spermatogenesis is the highly specialized process of male germ cell differentiation to produce spermatozoa from a stem cell. Because germ cells cease mRNA synthesis until midspermiogenesis, a large number of mRNAs in the differentiating haploid cells undergo posttranscriptional and translational regulation [19] [20] [21] . Translational control of mRNAs encoding sperm-specific nuclear proteins, protamines and transition proteins, represents one of the best-characterized examples. These mRNAs are stored as translationally inactive messenger ribonucleoprotein particles (mRNPs) in early haploid cells, and the translational activation at a specific time required during later spermiogenesis is concomitant with poly(A) shortening [22] [23] [24] [25] . In addition, the sizes of some mRNAs are approximately 100 nucleotides longer in haploid round spermatids than in pachytene spermatocytes and elongating spermatids/residual bodies [26] . The increased sizes of mRNAs in round spermatids are, in most cases, due to additional lengthening of the mRNA poly(A) tails in the cytoplasm [26] . The lengthening, maintenance, and shortening of the poly(A) tails in the cytoplasm of haploid spermatids are essential for spermatogenesis, as well as oogenesis and early embryogenesis [27] [28] [29] .
Poly(A) tails of mRNAs are associated with nuclear and cytoplasmic poly(A)-binding proteins (PABPN1 and PABPC, respectively) that are structurally distinct from each other [30, 31] . These two PABPs are also known to have different functional roles. PABPN1 functions in poly(A) tail synthesis in cooperation with polyadenylation hexanucleotide-binding protein CPSF and poly(A) polymerase PAPOLA, whereas PABPC is involved in translation initiation, translation termination, and mRNA decay [30, 31] . Mouse spermatogenic cells have been reported to contain at least two isoforms of PABPC, PABPC1 and PABPC2 (previously known as PABPT) [32] . Pabpc2 is an intron-less retroposon specifically expressed in the testis [33] . Both Pabpc1 and Pabpc2 mRNAs are abundantly accumulated in meiotic spermatocytes and early haploid spermatids and are dramatically reduced in elongated spermatids [32] . Despite extensive analysis of PABPC1, limited information is available concerning the function of PABPC2. Although PABPC2 is capable of binding poly(A) agarose in a specific manner [32] , there is little difference in poly(A) binding between PABPC1 and PABPC2.
In this study, we have demonstrated that PABPC2 is present in the cytoplasm of meiotic and early haploid spermatogenic cells and exhibits the ability to bind the poly(A) tails of various mRNAs. PABPC1 and PABPC2 are directly associated with each other and with several translational regulators, including EIF4G1, PAIP1, PAIP2, and PIWIL1 (previously known as MIWI). Most importantly, PABPC2 is predominantly present in mRNP of testicular cells, whereas both mRNP and actively translating polyribosomes contain PABPC1. PABPC2 is also distinguished from PABPC1 by the presence of PABPC2 in the chromatoid body of round spermatids. These results suggest that PABPC2, in cooperation with PABPC1, may have an important role in translational repression in early haploid cells.
MATERIALS AND METHODS
All animal experiments were performed ethically. Experimentation was in accord with the Guide for the Care and Use of Laboratory Animals at University of Tsukuba.
Expression Plasmids
DNA fragments encoding PABPC1, PABPC2, EIF4G1, PAIP1, PAIP2, and PIWIL1 were amplified by PCR using a mouse testis or brain cDNA library as a template [34] . Oligonucleotide primers used for PCR are given in Table 1 . The amplified fragments were introduced into pET-23d (Novagen, Madison, WI), pGEX-4T-1 (GE Healthcare, Piscataway, NJ), pcDNA3.1/Myc-HisA (Invitrogen, Carlsbad, CA), pcDNA3/FLAG-HA [35] , and pcDNA3/HA [35] to produce His-, glutathione S-transferase (GST)-, Myc-His-, FLAG-HA-, and HA-fusion proteins, respectively. To prepare the pcDNA3.1/Myc-HisCluciferase construct, a pGL3-Basic vector (Promega, Madison, WI) containing the firefly luciferase gene was digested with HindIII and XbaI restriction enzymes, and this DNA fragment was subcloned into pUC19 to obtain a HindIII/EcoRI fragment that was then introduced into pcDNA3.1/Myc-HisC. A pcDNA3.1/Myc-HisC-luciferase-23BoxB plasmid was prepared by inserting an EcoRI-digested, double-stranded DNA fragment, 5 0 -GAATTCGGGCCCT-GAAGAAGGGCCCTTTCCTTGAATTC-3 0 , into the pcDNA3.1/Myc-HisCluciferase previously linearized by EcoRI. For construction of two plasmids, pcDNA3/kN-PABPC1-HA and pcDNA3/kN-PABPC2-HA, a DNA fragment encoding the 23-residue kN peptide was PCR amplified from a kgt11 lysate (Table 1 ). The amplified fragment was inserted into pGEX-4T-1/PABPC1 or pGEX-4T-1/PABPC2 plasmid, and the kN-PABPC1-and kN-PABPC2-containing fragments were introduced into pcDNA3/HA.
Antibodies
Two synthetic peptides, Ser-Gln-Val-Pro-Arg-Val-Met-Ser-Thr-Gln-ArgVal-Ala-Cys and Ser-His-Val-Gln-Val-Thr-Thr-Ala-His-Arg-Ile-Thr-Cys, corresponding to the 13-and 12-residue sequences of PABPC1 and PABPC2 at positions 471-483 and 468-479, respectively, were coupled to maleimideactivated keyhole limpet hemocyanin or bovine serum albumin (BSA) according to the manufacturer's protocol (Pierce, Rockford, IL). Two Hisfusion proteins containing 522 and 391 amino acids of PIWIL1 and EIF4G1 at positions 1-522 and 1210-1600, respectively, were produced in Escherichia coli as described previously [36] . Each of these four proteins was emulsified with Freund complete or incomplete adjuvant (Difco Laboratories, Detroit, MI) and injected intradermally into female New Zealand white rabbits (SLC, Shizuoka, Japan). Antibodies raised against PABPC1, PABPC2, PIWIL1, and EIF4G1 were purified by fractionation with ammonium sulfate (0%-40% saturation), followed by immunoaffinity chromatography on a Sepharose 4B (GE Healthcare) column that had been conjugated with the 13-or 12-residue peptide-coupled BSA, PIWIL1-GST, or EIF4G1-GST as described previously [37] . Anti-PAPOLB (previously known as TPAP) antibody was prepared as described previously [26] . Antibodies against mouse TUBB1 (b-tubulin), HIST2H2BE (histone H2b), and penta-His were purchased from Sigma-Aldrich (St. Louis, MO), Upstate (Lake Placid, NY), and Qiagen (Valencia, CA), respectively.
Preparation of Protein Extracts
Various tissues and spermatogenic cells of ddY mice (3-to 5-mo-old; SLC) were homogenized at 48C in 10 mM Hepes/KOH, pH 7.4, containing 15 mM NaCl, 1 mM editic acid (EDTA), 0.25 M sucrose, 0.5 mM dithiothreitol, 0.5 mM phenylmethanesulfonyl fluoride, pepstatin A (1 lg/ml), leupeptin (1 lg/ ml), and aprotinin (75 U/ml) and were centrifuged at 11 000 3 g for 10 min at 48C. The supernatant solution was used as a source of crude protein extracts. Cytoplasmic and nuclear extracts of mouse tissues were prepared as described previously [26] . Pachytene spermatocytes, round spermatids, and elongated spermatids were purified from mouse seminiferous tubules as described previously [38] . Protein concentration was determined using a Coomassie protein assay reagent kit (Pierce).
Immunoblot Analysis
Proteins were separated by SDS-PAGE and transferred onto Immobilon-P polyvinylidene difluoride membranes (Millipore, Bedford, MA) as described previously [26] . After blocking with 4% skim milk, blots were incubated with primary antibodies and then with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). The immunoreactive proteins were visualized using an ECL Western blotting detection kit (GE Healthcare).
Northern Blot Analysis
Total cellular RNAs were extracted from mouse testicular tissues using Isogen (Nippon Gene, Toyama, Japan) as described previously [26] . The RNA samples were glyoxylated, separated by electrophoresis on 1.2% agarose gels, and transferred onto Hybond-N þ nylon membranes (GE Healthcare). The blots Gapdh Forward
were probed by 32 P-labeled DNA fragments and analyzed by a BAS2000 BioImage Analyzer (Fuji Photo Film, Tokyo, Japan).
Poly(A) Agarose-Binding Assay
Testicular cytoplasmic extracts were dialyzed against 20 mM Hepes/KOH, pH 7.4, 150 mM KCl, and 0.5% Nonidet P-40 (binding buffer). Polyadenylic acid (poly[A])-and polycytidylic acid (poly[C]) agarose beads (P2769 and P9827, respectively; Sigma-Aldrich) were reconstituted in the binding buffer (50% slurry). Cytoplasmic protein extracts (0.15 mg/20 ll) were added to the gel slurry (20 ll), and the mixture was incubated at 48C for 2 h. After centrifugation, the pellet was washed three times with the binding buffer, washed four times with the same buffer containing KCl (0.15-2 M) and twice with the binding buffer, mixed with a Laemmli buffer, boiled for 5 min, and then subjected to immunoblot analysis. Sepharose 4B gels and poly(A) nucleotide (GE Healthcare) were used as a control and competitor, respectively.
GST Pull-Down Assay
GST pull-down assays were performed as described previously [34] . Briefly, recombinant proteins were produced in vitro in the presence of L-[ 35 S]Met (43.5 TBq/mmol; MP Biomedicals, Irvine, CA) using a TNT T7 Quick Coupled Transcription/Translation system (Promega) as described previously [26] . GST-fusion proteins were also produced in E. coli BL21. Cells were suspended in PBS containing 10% glycerol, 1 mM dithiothreitol, 0.5 mM phenylmethanesulfonyl fluoride, pepstatin A (1 lg/ml), leupeptin (1 lg/ ml), and aprotinin (75 U/ml), lysed by sonication, and centrifuged at 16 000 3 g for 10 min at 48C. The supernatant solution was mixed with glutathione agarose beads (GE Healthcare), incubated at 48C for 3 h, and washed six times with the buffer. The following were added to the agarose beads immobilized with GSTfusion proteins:
35 S-labeled recombinant proteins, testicular cytoplasmic extracts, or His-tagged recombinant proteins in 50 mM Tris/HCl, pH 7.5, containing 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, and the already described protease inhibitors. The mixture was incubated for 30 min. After washing thoroughly with the same buffer, proteins on the agarose beads were treated with the Laemmli buffer and subjected to SDS-PAGE as described previously [34] .
Immunoprecipitation
Protein A agarose beads (20 ll of 50% slurry; Pierce) were incubated at 48C for 60 min in PBS (0.2 ml) containing 0.1% Nonidet P-40 and antibodies;
washed with an immunoprecipitation (IP) buffer consisting of 20 mM Tris/HCl, pH 7.4, 150 mM KCl, and 0.5% Nonidet P-40 to remove unbound antibodies; and mixed with testicular cytoplasmic extracts (1 mg of proteins) previously dialyzed against the IP buffer. The mixture was incubated at 48C overnight. After centrifugation, the pellet was washed thoroughly with the IP buffer, suspended in the Laemmli buffer, boiled for 5 min, and then subjected to immunoblot analysis.
RNA Immunoprecipitation
Mouse testicular tissues were homogenized at 48C in IP buffer containing 0.5 mM dithiothreitol, 0.5 mM phenylmethanesulfonyl fluoride, pepstatin A (1 lg/ml), leupeptin (1 lg/ml), and aprotinin (75 U/ml) and centrifuged at 11 000 3 g for 10 min. Proteins (4 mg) in the supernatant solution were mixed with protein A agarose beads (100 ll of 50% slurry) previously conjugated with antibodies (50 lg). After washing thoroughly with the IP buffer, RNA was extracted from the agarose beads by treatment with phenol-chloroform, precipitated with ethanol, and used for first-strand cDNA synthesis as a template by a Superscript III first-strand synthesis system (Invitrogen). A portion of first-strand cDNA synthesized was analyzed by PCR using the oligonucleotide primers listed in Table 1 .
Cell Culture, Transfection, and Immunostaining NIH3T3 cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 0.1 mg/ml of streptomycin on poly-L-lysine-coated slide chambers at 378C under 5% CO 2 in air. Cells were transfected with expression plasmids using a PerFectin transfection reagent (Genlantis, San Diego, CA). After 48-h culture at 378C under 5% CO 2 in air, transfected cells were fixed in PBS containing 4% paraformaldehyde, treated with anti-Myc (Invitrogen) and anti-HA (Roche Diagnostics, Mannheim, Germany) antibodies, incubated with Alexa Fluor 568-conjugated anti-rat IgG and Alexa Fluor 488-conjugated anti-mouse IgG (Molecular Probes, Eugene, OR), counterstained with 4 0 ,6-diamidoni-2-phenylindole dihydrochloride (DAPI), mounted, and then observed under an Olympus IX71 fluorescence microscope (Tokyo, Japan).
Luciferase Assay

A 5
0 -capped RNA-encoding reporter luciferase was prepared by in vitro transcription of pcDNA3.1/Myc-HisC-luciferase or pcDNA3.1/Myc-HisCluciferase-23BoxB using a Ribomax large-scale RNA production system FIG. 1. Presence of PABPC1 and PABPC2 in spermatogenic cells. A) Tissue distribution. Protein extracts of mouse tissues were analyzed by immunoblotting (IB) using anti-PABPC1, anti-PABPC2, and anti-TUBB1 (btubulin) antibodies. TUBB1 was used as a loading control. B) Expression of Pabpc1 and Pabpc2 during development. Total testicular RNAs were prepared from mice at 5-60 days after birth (DAB) and were analyzed by Northern blotting (NB) using 32 P-labeled DNA fragments as probes. Cytoplasmic protein extracts from the testicular tissues were also analyzed by IB. C) Presence in spermatogenic cells. Protein extracts were prepared from purified populations of pachytene spermatocytes (PS), round spermatids (RS), and a mixture of elongating spermatids and residual bodies (ES) and were subjected to IB. PAPOLB (previously known as TPAP) was used as a control. D) Subcellular localization. Cytoplasmic (C) and nuclear (N) proteins were prepared from testicular tissues and were analyzed by IB. PAPOLB and HIST2H2BE (histone H2b) were used as controls of cytoplasmic and nuclear proteins, respectively.
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547 (Promega). Recombinant kN-PABPC1, kN-PABPC2, PABPC1, and PABPC2 were produced in vitro as described previously [26] . Expression plasmids (0.25 lg) encoding PABPCs with or without the kN peptide were mixed with a TNT Quick Master Mix (25 ll; Promega) containing 0.04 mM Met. After incubation at 308C for 40 min to allow protein synthesis, in vitro transcription was terminated by addition of DNase I. The in vitro transcription/translation product was dispensed and mixed with the 5 0 -capped reporter mRNA (20 ng) with or without two BoxB hairpin sites. The mixture was further incubated at 308C for 40 min. Luciferase activities were measured using a luciferase assay system kit (Promega) according to the manufacturer's protocol.
Sucrose Gradient Analysis
Testicular tissues of ddY mice (3-to 5-mo-old) were homogenized at 48C in 20 mM Hepes/KOH, pH 7.4, containing 0.1 M KCl, 10 mM MgCl 2 or EDTA, 0.5% Triton X-100, and 0.05% diethylpyrocarbonate and centrifuged at 11 000 3 g for 10 min at 48C. The supernatant solution was put onto a 10%-40% linear sucrose gradient (10 ml) on a 60% sucrose cushion (0.5 ml) and ultracentrifuged in a Beckman Optima LE-80K ultracentrifuge using a Beckman SW-41 rotor (Beckman Coulter, Fullerton, CA) at 281 000 3 g for 2 h at 48C as described previously [38] . Fractions were collected from the top of the gradient, and aliquots of the fractions were analyzed by immunoblotting.
Immunohistochemical Analysis
Fresh testicles were excised from ddY mice, snap frozen, and embedded in a TissueTek embedding compound (Sakura Finetechnical, Tokyo, Japan). Sections (8 lm) were prepared in a Leica CM3000 cryostat (Wetzlar, Germany), mounted on silanized glass slides, fixed in PBS containing 4% paraformaldehyde, treated with primary antibody, washed, and then incubated with secondary antibody conjugated with Alexa Fluor 488 as described previously [34] . After washing, sections were counterstained with DAPI, mounted, and then observed under an Olympus IX71 fluorescent microscope. 
Statistical Analysis
Student t-test was used for statistical analysis. P , 0.05 was considered statistically significant.
RESULTS
The mouse gene encoding an isoform of poly(A)-binding protein, PABPC2, has been demonstrated to be expressed exclusively in the testis [32] . To characterize PABPC2 at the protein level, we prepared affinity-purified antibodies specific to PABPC1 or PABPC2. Immunoblot analysis of protein extracts from mouse tissues indicated the presence of PABPC2, with a size of 69 kDa, only in the testis (Fig. 1A) . Another poly(A)-binding protein, 70-kDa PABPC1, was present in all tissues examined, although the protein level was extremely low in the heart. When expression of Pabpc1 and Pabpc2 during testicular development was analyzed by Northern blot analysis, Pabpc1 mRNA, with a size of 3.0 kb, was present in all testicular tissues at 5-60 days after birth (Fig. 1B) . The 2.7-kb Pabpc2 mRNA was first detectable at 18 days after birth. The levels of Pabpc1 and Pabpc2 mRNAs at the 5-and 18-day stages, respectively, increased progressively during development. Consistent with the gene expression patterns, the PABPC1 and PABPC2 proteins were found in the testicular extracts at the corresponding developing stages (Fig. 1B) . The mouse seminiferous epithelium at 6 days after birth comprises primitive type A spermatogonia (16%) and Sertoli cells (84%), while pachytene spermatocytes are the most differentiated spermatogenic cells at the 18-day stage [39] . Therefore, PABPC2 may be synthesized initially in pachytene spermatocytes and accumulated in haploid spermatids. It is also suggested that all cell types in the seminiferous epithelium, possibly including Sertoli cells, contain PABPC1 [39] . Indeed, immunoblot analysis indicated that the two PABPCs, as well as testis-specific poly(A) polymerase PAPOLB, are present in meiotic pachytene spermatocytes and in haploid round spermatids (Fig. 1C) . PABPC1 was still present in elongating spermatids, whereas the late haploid cells contained a negligibly low level of PABPC2. Moreover, PABPC1, PABPC2, and PAPOLB were all present abundantly in the cytoplasm of testicular cells (Fig. 1D) . These data suggest that PABPC2 is predominantly localized in the cytoplasm of early haploid spermatogenic cells.
When poly(A) or poly(C) agarose beads were mixed with testicular protein extracts, PABPC1 and PABPC2 exhibited the ability to bind poly(A) agarose (Fig. 2A) . The binding capacity of these two proteins to poly(A) agarose was noticeably decreased by the presence of a 50-fold excess of free poly(A) polynucleotide. No significant binding of PABPC1 and PABPC2 to poly(C) agarose was found. In addition, only PABPC2 was dissociated from the poly(A) agarose beads by washing with binding buffer containing 2 M KCl (Fig. 2B) , suggesting that PABPC2 may possess a lower affinity for the poly(A) chain than PABPC1, consistent with a previous finding obtained by using recombinant proteins [32] . Because PABPC2 is predominantly present in haploid spermatids (Fig.  1) , we examined whether PABPC2 is implicated in association with poly(A) tails of haploid-specific mRNAs (e.g., those coding for sperm mitochondria-associated cysteine-rich protein SMCP and nuclear protein protamines [PRM1 and PRM2] that are translationally repressed in round spermatids [22] [23] [24] ). RNA IP analysis of testicular cytoplasmic extracts using anti-PABPC1 and anti-PABPC2 antibodies indicated that PABPC1 and PABPC2 are capable of binding the three haploid-specific mRNAs (Fig. 2C) . These two PABPCs were also associated with four other mRNAs encoding housekeeping proteins   FIG. 4 . Interaction of PABPC1 and PABPC2 with translational regulation factors. A) Immunoprecipitation analysis. Testicular extracts were immunoprecipitated (IP) with anti-EIF4G1 antibody and then analyzed by immunoblotting (IB) using anti-PABPC1, anti-PABPC2, and anti-EIF4G1 antibodies. Preimmune IgG was used as a control. B) GST pull-down assay. 35 Slabeled proteins of the full-length PABPC1 or PABPC2, N-terminal domain of PABPC1 (PABPC1-N) or PABPC2 (PABPC2-N) at residues 1-291, and C-terminal domains of PABPC1 (PABPC1-C) and PABPC2 (PABPC2-C) at residues 283-636 and residues 283-628, respectively, were subjected to GST pull-down assays using GST-fused EIF4G1 containing a 149-residue PABPC1-binding region at positions . C) Interaction with EIF4G1, PAIP1, and PAIP2. Glutathione agarose beads coupled with GST-fusion proteins were incubated with testicular extracts and were subjected to IB using anti-PABPC1 and anti-PABPC2 antibodies. D) Direct interaction with EIF4G1, PAIP1, and PAIP2. His-tagged PABPC1 or PABPC2 was reacted with GST-fusion proteins and was analyzed by IB using anti-PABPC1 and anti-PABPC2 antibodies.
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(GAPDH and ACTB, previously known as glyceraldehyde-3-phosphate dehydrogenase and b-actin, respectively), meiosisspecific synaptonemal complex protein 3 (SYCP3) [40] , and proacrosin-binding protein ACRBP (Sp32) expressed in both pachytene spermatocytes and round spermatids [37] . Therefore, no significant difference in the binding specificity to mRNA poly(A) tails was found between PABPC1 and PABPC2.
Xenopus PABPC1 has been demonstrated to bind embryonic poly(A)-binding protein EPAB and PABPC1 itself, implying assistance for efficient binding of these proteins to mRNA poly(A) tails [41, 42] . Therefore, we examined a possible interaction between PABPC1 and PABPC2. IP assays of testicular extracts revealed that PABPC2 is associated with PABPC1 (Fig. 3A) . Direct interaction of PABPC2 with PABPC1 was also demonstrated by GST pull-down assays (Fig. 3B) ; GST-PABPC2 was capable of binding 35 S-labeled and His-tagged PABPC1. Moreover, when HA-tagged PABPC1 and Myc-tagged PABPC2 were coexpressed in NIH3T3 cells, these two proteins were colocalized in the cell cytoplasm (Fig. 3C) . These data suggest that PABPC1 and PABPC2 may bind the same RNA poly(A) tail simultaneously.
Both PABPC1 and EPAB have been shown to interact with EIF4G1 (which acts to stimulate translation [12] ) and with poly(A)-binding protein-interacting proteins (PAIP1 and PAIP2) that act to stimulate and repress translation [42] [43] [44] [45] [46] , respectively. The association of these PAIPs with PABPC1 influences the formation of the translation initiation complex [43, 44] . Because the functional domains of PABPC1 are highly conserved in PABPC2 [30] , PABPC2 may interact with these factors and regulate translation in a similar fashion. As shown in Figure 4A , IP analysis of testicular extracts indicated that PABPC1 and PABPC2 are associated with EIF4G1. Notably, a GST-fusion protein of PABP-binding domaincovering EIF4G1 at residues 44-192 interacted with the Nterminal regions of PABPC1 and PABPC2 at residues 1-291 (PABPC1-N and PABPC2-N) containing three RNA recognition motifs (RRMs) (Fig. 4B) . No significant interaction was found between the GST-fused EIF4G1 and the C-terminal region of PABPC1 or PABPC2 (PABPC1-C or PABPC2-C) containing an RRM and a C-terminal domain. As in the case of PABPC1, PABPC2 was capable of binding PAIP1 and PAIP2 fused to GST (Fig. 4C ). In addition, both PABPC1 and PABPC2 were directly bound to PAIP1 and PAIP2 (Fig. 4D) . These results clearly demonstrate that PABPC1 and PABPC2 are associated with EIF4G1, PAIP1, and PAIP2, possibly to regulate translation.
To examine whether PABPC1 and PABPC2 function in translation, they were individually tethered to 5 0 -capped luciferase mRNA containing two BoxB hairpins in the 3 0 -untranslated region but free of poly(A) tail by using a 23-residue kN peptide capable of recognizing the BoxB hairpin specifically [47] . As a control experiment, we first tested the effect of PABPC on translation of the 5 0 -capped luciferase mRNA containing a 123-residue poly(A) tail in rabbit reticulocyte lysate (Fig. 5A) . The translational level of the reporter mRNA was 1.9-fold enhanced by the presence of the poly(A) tail. The increment of translation is likely due to the presence of an endogenous PABP in the reticulocyte lysate [12] . Indeed, we verified the presence of PABP immunoreactive with anti-PABPC1 (data not shown). Tethering PABPC1 and PABPC2 to the Luc-BoxB hairpin promoted translation of another reporter mRNA free of poly(A) tail by approximately 1.7-and 1.5-fold, respectively (Fig. 5, B and C) . No significant translational activation was found when TATA-binding protein-associated factor 10 (TAF10) was tethered. Therefore, PABPC2 and PABPC1 have the ability to enhance mRNA translation independent of poly(A) tail.
PIWIL1, a member of the PIWI family, is a testis-specific cytoplasmic protein capable of binding noncoding small RNAs called piRNAs (PIWI-interacting RNAs) and mRNAs essential for spermiogenesis [48, 49] . We assessed whether PABPC1 and PABPC2 are involved in translational control mediated by PIWIL1. Poly(A) agarose-binding assays of testicular extracts revealed that a poly(A)-binding protein complex contains PIWIL1 together with PABPC1 and PABPC2 (Fig. 6A) . The interaction of PABPC1 and PABPC2 with PIWIL1 was independent of mRNA because the assembly of the protein complex was not abolished by pretreatment of the extracts with RNase A. Indeed, GST pull-down assays (Fig. 6B ) and IP analysis of testicular extracts previously treated with RNase A (Fig. 6C ) demonstrated the direct interaction among these three proteins. Because PIWIL1 is known to be included in mRNPs and actively translating polyribosomes [50] , we examined a codistribution of PABPC1 and PABPC2 with PIWIL1 in mRNP, monosome, and polysome fractions prepared from testicular cells (Fig. 6D) . Both PABPC1 and PIWIL1 were widely distributed in the three fractions. In contrast, PABPC2 and Luc, respectively) were mixed with rabbit reticulocyte lysate. After incubation, luciferase activities were measured. Error bars represent mean 6 SD (n ¼ 3). Note that the increment of translation is likely due to the presence of an endogenous PABP in the reticulocyte lysate. The difference in the luciferase activity between Luc and Luc þ poly(A) is significant (*P , 0.01). B) Tethering PABPC1 and PABPC2 to the Luc-BoxB hairpin of a reporter mRNA free of poly(A) tail. PABPC1, PABPC2, kN-PABPC1, and kN-PABPC2 translated in vitro were incubated with each of two reporter mRNAs with and without the 23BoxB hairpins. TAF10 and kN-TAF10 were used as controls. Relative levels of reporter mRNA translation are indicated as Luc-BoxB/Luc. Error bars represent mean 6 SD (n ¼ 3). The differences in the luciferase activities between PABPC1 and kN-PABPC1 and between PABPC2 and kN-PABPC2 are significant (*P , 0.01). C) Validation of expressed proteins. Proteins in the reticulocyte lysates were analyzed by immunoblotting (IB) using anti-HA antibody.
550 was predominantly present in the mRNP fraction and was undetectable in the polysome fraction. Although PABPC1 and PABPC2 both enhanced translation in vitro (Fig. 5) , these results may suggest a functional difference in translation through the direct interaction with PIWIL1 between PABPC1 and PABPC2.
To ascertain the subcellular localization of PABPC1, PABPC2, and PIWIL1, we performed immunohistochemical analysis of testicular sections (Fig. 7) . As described previously [50] , PIWIL1 was localized in the cytoplasm of spermatocytes and round spermatids and was particularly concentrated in the chromatoid bodies of round spermatids. No significant dot signal of PABPC1 was found in round spermatids, although PABPC1 was distributed abundantly in the cytoplasm of spermatocytes and round spermatids and slightly in spermatogonia as already described (Fig. 1) . It is unknown at present if Sertoli cells also contain PABPC1. Unexpectedly, PABPC2 was remarkably enriched in the cytoplasm and chromatoid body of round spermatids. Therefore, PABPC1 and PABPC2 may have different functions during the early phase of spermiogenesis.
DISCUSSION
In this article, we have characterized PABPC1 and PABPC2 in the cytoplasm of spermatogenic cells. These two proteins are capable of binding mRNA poly(A) tails nonspecifically ( Fig.  2 ) and of associating with each other (Fig. 3 ) and with EIF4G1, PAIP1, PAIP2, and PIWIL1 as translational regulators (Figs. 4  and 6 ). PABPC1 and PABPC2 also exhibit the ability to enhance translation in vitro (Fig. 5) . Despite these similarities, PABPC2 is clearly distinguished from PABPC1 by the absence of PABPC2 in the polyribosomes (Fig. 6) . Moreover, unlike PABPC1, PABPC2 is accumulated in the chromatoid body of round spermatids in addition to the cytoplasm (Fig. 7) . These results suggest that PABPC2 may have functional roles that are different from those of PABPC1 in spermatogenesis.
Both PABPC1 and PABPC2 are known to possess four RRMs at the N-terminal region and a PABC domain at the Cterminal region [30] [31] [32] . The entire sequence identity is approximately 80% between PABPC1 and PABPC2. The high degree of sequence identity suggests that PABPC1 and PABPC2 may share the functional domains. As demonstrated in PABPC1 [12] , the N-terminal RRM1 and RRM2 of PABPC2 are probably involved in binding to EIF4G1 (Fig.  4) . Because PAIP1 and PAIP2 are associated with PABPC1 through three RRMs (RRM1, RRM2, and RRM3) and a PABC domain [45, 46] , the corresponding regions of PABPC2 may be responsible for binding these two PAIPs (Fig. 4) . Moreover, both PABPC1 and PABPC2 are partially localized in the nucleus (Fig. 1) . PABPC1 has been reported to shuttle between FIG. 6. Interaction of PABPC1 and PABPC2 with PIWIL1 (previously known as MIWI). A) Poly(A) agarose-binding assay. Testicular extracts previously treated with (þ) and without (À) RNase A were incubated with poly(A) agarose beads, washed, and then analyzed by immunoblotting (IB) using antibodies against proteins indicated. Sepharose 4B gels were used as a control. B) GST pull-down assay. 35 S-labeled PIWIL1 was reacted with GST-fused PABPC1 and PABPC2. 35 S-labeled luciferase (Luc) was used as a control. C) Immunoprecipitation analysis. Testicular extracts previously treated with RNase A were immunoprecipitated (IP) with anti-PIWIL1 antibody and were analyzed by immunoblotting using anti-PABPC1, anti-PABPC2, and anti-PI-WIL1 antibodies. Preimmune IgG was used as a control. D) Distribution of PABPC1, PABPC2, PIWIL1, and PAPOLB (previously known as TPAP) in polyribosome gradients. The mRNP, monosomal, and polyribosomal fractions (Fr.# 1-3, 4 and 5, and 6-10, respectively) were prepared from testicular extracts in the presence of MgCl 2 or EDTA. Aliquots of each fraction were analyzed by rRNA staining with ethidium bromide and IB using antibodies against the proteins indicated.
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the cytoplasm and nucleus of mammalian cells to participate in pre-mRNA processing, mRNA trafficking, and a pioneer round of translation [51] [52] [53] . Therefore, PABPC2 may function in these nuclear events of the mRNA metabolism. Nevertheless, further studies are required to provide direct evidence for these possibilities.
PIWIL1 has been demonstrated to interact with testisspecific kinesin motor protein KIF17 (previously known as KIF17b), a candidate protein involved in the transport of haploid-specific mRNAs from the nucleus to the chromatoid body [54] . Our data suggest that PABPC2 may also participate in the mRNA transport into the chromatoid body, in cooperation with PIWIL1 and KIF17 [54] , because PABPC2 is associated with PIWIL1 ( Fig. 6 ) and is partially localized in the chromatoid body (Fig. 7) . On the other hand, PABPC1 is also capable of binding EIF4G1 and PIWIL1 (Figs. 4 and 6) . The presence of PABPC1 and PIWIL1 in the polyribosomes suggests that PIWIL1 may act as an inducer to form circularized mRNA structures facilitated by PABPC1, EIF4G1, and EIF4E, thereby leading to the recruitment of ribosomes.
Despite the similarities in the abilities to bind mRNA poly(A) tails and translation regulators (Figs. 2, 3 , and 4) and to enhance translation in vitro (Fig. 5) , PABPC2 is distinguished from PABPC1 in the following three respects: the absence or very low abundance of PABPC2 in elongating spermatids ( Fig.  1 ) and actively translating polyribosomes (Fig. 6 ) and the presence of PABPC2 in the chromatoid body of round spermatids (Fig. 7) . As already described, the poly(A) tails of mRNAs are modified by two different ways during spermiogenesis. Some mRNA poly(A) tails are longer in early haploid cells than in meiotic cells [26] , and some haploid-specific mRNAs, including those of protamines and transition proteins, undergo poly(A) shortening in late haploid cells [23, 24] . Therefore, we speculate that PABPC2 may be required for protection of haploid-specific mRNAs against precocious translation in round spermatids. The very low abundance of PABPC2 in elongating spermatids may result in deadenylation of the haploid-specific mRNAs as a prerequisite for translation. Indeed, protamine mRNAs in round spermatids are present only in the mRNP fraction [23, 24] , where PABPC2 is predominantly distributed (Fig. 6) . It is also possible that PABPC2 may regulate mRNA degradation. Because most mRNAs transcribed in meiotic and early postmeiotic cells are degraded until the cells differentiate into elongating spermatids [26, 55, 56] , selective mRNA degradation may occur to shut off protein synthesis at the specific stages where PABPC2 is absent. This possibility seems to be supported by the fact that most mRNAs possess longer poly(A) tails in round spermatids, where PABPC2 is most abundantly present, than in pachytene spermatocytes [26] . At any rate, further experiments concerning PABPC1 and PABPC2 will be necessary to elucidate the mechanism of translational regulation in haploid spermatogenic cells.
It is well known that a large number of intron-less genes specifically expressed in the testis have been transposed from ancestral genes by gene duplication [57, 58] . Some of the retroposed paralogs are essential for mouse spermatogenesis because mutation or deletion of the expressed retroposons frequently results in spermatogenic defects. For instance, the loss of testis-specific CSTF2T, a paralog of the cleavage stimulation factor CSTF2 (previously known as CstF-64), leads to male infertility resembling oligoasthenoteratozoospermia [59] , supporting the possibility that the retroposed paralogs have arisen for male reproductive purpose. In PABPC, the intron-less gene is expressed in the testis of various organisms such as human, chimpanzee, rat, and mouse [60] , in addition to the ubiquitously expressed intron-containing gene. Consequently, we expect that testis-specific PABPC2 has a critical role in the progress of mouse spermiogenesis. FIG. 7 . Immunohistochemical analysis of testicular sections. Sections of mouse testicular tissues were probed by anti-PABPC1 (D-F), anti-PABPC2 (G-I), and anti-PIWIL1 (previously known as MIWI) (J-L) antibodies and were reacted with Alexa Fluor 488-conjugated anti-rabbit IgG (green). Cells were counterstained with DAPI (blue). Rabbit preimmune IgG was used as a negative control (A-C). Original magnification 3200 (A, D, G, and J), 3400 (B, E, H, and K), and 31000 (C, F, I, and L).
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